Introduction
============

Seed plants originated ∼370 Ma, and probably comprise 260,000 to 310,000 extant species ([@evx070-B28]; [@evx070-B13]). Current seed plants consist of angiosperms (flowering plants) and gymnosperms, the latter of which are further subdivided into Cycadidae, Ginkgoidae, Gnetidae, and Pinidae ([@evx070-B9]). Both morphological and molecular studies have clearly shown that angiosperms and gymnosperms are two monophyletic groups ([@evx070-B10]; [@evx070-B83]), but the relationship between the different clades in gymnosperms is less clear than in angiosperms ([@evx070-B34]), despite great efforts in resolving the phylogeny with diverse sets of molecular markers ([@evx070-B97]; [@evx070-B42]; [@evx070-B91]; [@evx070-B49]). Particularly, the exact phylogenetic position of gnetophytes, a morphologically unique clade with accelerated molecular evolution rates, remains elusive ([@evx070-B83]). Morphological studies, historically, agree that gnetophytes are a sister group of angiosperms (anthophyte hypothesis) (reviewed in [@evx070-B23]), because of obviously similar characteristics, such as, the existence of vessel elements and the simple, unisexual, flower-like reproductive organs. However, this hypothesis was later questioned on the basis of a flood of molecular data, with some providing support for gnetophytes as sister to the other seed plants (Gnetales---other seed plant hypothesis) ([@evx070-B4]) and others providing support for a sister group relationship with the other gymnosperms (Gnetales---other gymnosperms hypothesis) ([@evx070-B14]; [@evx070-B42]). Still others provided support, usually based on mitochondrial or plastid genes, for gnetophytes as a sister group to conifers (Gnetifer hypothesis) ([@evx070-B62]), to one clade of conifers, that is cupressophytes (Gnecup hypothesis) ([@evx070-B91]; [@evx070-B49]), or to the other conifer clade, that is Pinaceae (Gnepine hypothesis) ([@evx070-B97], [@evx070-B96]; [@evx070-B89]; [@evx070-B3]). Also different approaches and data treatments yielded different phylogenetic placements of gnetophytes within the gymnosperms ([@evx070-B97][@evx070-B96]; [@evx070-B86]). Besides the controversial systematic position of gnetophytes, *Ginkgo*, which is a monotypic genus of an ancient lineage that originated at least 270 Ma, also has an ambiguous placement among the gymnosperms ([@evx070-B83]). Some studies suggest *Ginkgo* as a sister group to a clade comprising conifers and gnetophytes ([@evx070-B51]; [@evx070-B62]; [@evx070-B49]); whereas several recent phylogenomic analyses support a sister relationship between *Ginkgo* and cycads ([@evx070-B14]; [@evx070-B87]; [@evx070-B91]; [@evx070-B86]).

Increased species sampling could help resolving the evolutionary relationships within seed plants ([@evx070-B100]), but molecular markers for gymnosperms are still lacking to allow broad comparisons between taxa ([@evx070-B14]; [@evx070-B49]). Single-copy gene families, or single-copy genes, have long been recognized as ideal molecular markers for inferring relationships of previously unresolved lineages ([@evx070-B43]; [@evx070-B24]; [@evx070-B69]). Some characteristics, such as the uniqueness and high sequence conservation across species, allow single-copy genes to be straightforwardly amplified and sequenced. As nuclear genes, single-copy genes have bi-parental inheritance, unlike organelle genes that are mostly uniparentally inherited, so they may be better suited when dealing with hybridization, speciation, and incomplete lineage sorting of closely related species ([@evx070-B24]; [@evx070-B95]). The use of multiple unlinked nuclear single-copy genes is more likely to reflect true species relationships and may solve incongruences between organelle genes ([@evx070-B95]; [@evx070-B49]; [@evx070-B94]).

Although widely applied to angiosperms ([@evx070-B90]; [@evx070-B95]; [@evx070-B94]), only a few single-copy genes have been used to resolve gymnosperm relationships ([@evx070-B91]; [@evx070-B49]; [@evx070-B69]). In addition, current single-copy genes in gymnosperms were identified on the basis of those in angiosperms ([@evx070-B69]; [@evx070-B86]). Whole genome sequencing can facilitate the identification of single-copy genes ([@evx070-B21]; [@evx070-B46]) but the huge genome sizes of gymnosperms (20--30 Gb) have greatly complicated their de novo sequencing ([@evx070-B18]). As a consequence, only a few gymnosperm species have been sequenced so far ([@evx070-B1]; [@evx070-B57]; [@evx070-B55]; [@evx070-B84]). However, since single-copy genes are often more broadly expressed and at higher levels than nonsingle-copy genes ([@evx070-B21]; [@evx070-B19]), single-copy genes can be relatively easily detected by transcriptome sequencing, thereby simplifying the procedure to identify suitable molecular markers. In this study, using previously and newly developed genomic and transcriptomic data in 31 gymnosperms and 34 angiosperms, we identified single-copy gene families to increase the number of phylogenetic markers shared between gymnosperms (and between gymnosperms and angiosperms) that could be used for phylogenetic and comparative studies in seed plants ([@evx070-B101]).

Materials and Methods
=====================

Plant Material and cDNA Libraries Construction
----------------------------------------------

*Pinus pinaster* seeds from the Oria provenance (Southern Spain) were germinated and grown at 20/24 °C with a 16/8 h photoperiod. Germinating seeds were watered twice a week with distilled water. One-month-old seedlings were used for cryosectioning and 0.5-cm tissue sections were processed for laser capture microdissection ([@evx070-B7]). Tissues of *P. pinaster* were collected from cortex of hypocotyl, cortex of developing root, cortex of root, developing needle, mesophyll of cotyledon, mesophyll of new needle, pith hypocotyl, root apical meristem, shoot apical meristem, and vascular tissues of cotyledon, developing root, root, hypocotyl, and new needle. Pooled samples from needles, roots and stems from Galicia 1056xOria6 F1 progenies grown under different stress and hormone treatments were also included ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). RNA isolation, cDNA synthesis, and construction of normalized cDNA libraries were performed following the protocol described by ([@evx070-B7]).

*Pinus sylvestris* tissues represent different developmental stages during the development of zygotic embryogenesis. Zygotic embryos (E) and megagametophyte (M) samples were collected from immature cones and sorted separately into four different stages: early embryos (E1, M1), embryos at the stage of cleavage (E2, M2), dominant and subordinate embryos (E3DO, E3SU, M3) and dominant embryos before cotyledon differentiation (E4, M4) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Total RNA was isolated by using the RNAqueous-Micro RNA isolation kit (Ambion) and its quality was verified by an Agilent 2100 BioAnalyzer System (Agilent Technologies) following manufacturer's instructions. Double-strand cDNA libraries were constructed by using the Mint-2 cDNA synthesis kit (Evrogen), followed by a reamplification step to incorporate the 454 pyrosequencing specific primers.

Transcriptome Sequencing and De Novo Assembly
---------------------------------------------

Transcriptome sequencing was performed using the GS-FLX+ platform with a GS-FLX Titanium kit, Roche Applied Sciences (Indianapolis, IN) as described by ([@evx070-B7]) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). We assembled transcriptomes of *P. pinaster* and *P. sylvestris* from the 454 sequencing reads using the Newbler software (v2.8.1). Before feeding reads to Newbler, we removed adapter sequences and reads shorter than 75 base pairs (bp) by SeqClean. Newbler then assembled all the remaining reads for *P. pinaster* and for *P. sylvestris*, until over-represented sequences were removed. CD-HIT-EST ([@evx070-B45]) then clustered the Newbler assemblies in each isogroup, which represents a unique transcriptional locus. In the end, we selected the longest transcript (at least 150 bp) as a unique representative for each isogroup.

In order to integrate public transcriptomes, we built an integration pipeline. SeqClean first screened the public data against the NCBI UniVec resource and retained transcripts longer than or equal to 150 bp. Next, public data was compared with the Newbler assemblies described above by CD-HIT-EST-2D ([@evx070-B45]) to add novel transcripts to our assemblies. Finally, CD-HIT-EST ([@evx070-B45]) selected a representative sequence from the clusters formed by the novel transcripts and the Newbler assemblies with 90% identity to remove redundant transcripts. For *P. pinaster*, we integrated 15,648 PlantGDB-assembled Unique Transcripts (PUTs, based on GenBank release 177) ([@evx070-B25]) and 210,513 unigenes from SustainPineDB ([@evx070-B6]). For *P. sylvestris*, we integrated 73,609 PUTs (based on GenBank release 187) and a set of 2,261 EST assemblies. With respect to *Picea glauca* and *Picea sitchensis*, only public transcriptomes are available, so we carried out CD-HIT-EST with 90% identity to construct nonredundant transcripts from 48,315 PUTs (based on GenBank release 175) and 27,660 FL-cDNAs ([@evx070-B65]) in *P. glauca* as well as 31,087 PUTs (based on GenBank release 183) and 13,197 EST assemblies in *P. sitchensis* ([@evx070-B61]).

We used TransDecoder (r20131117) to predict open reading frames (ORFs) in the transcripts of *P. pinaster*, *P. sylvestris*, *P. glauca* and *P. sitchensis* based on training sets built from protein-coding genes in *Picea abies* ([@evx070-B57]) and *Pinus taeda* ([@evx070-B55]). We queried the transcripts from *P. pinaster*, *P. sylvestris*, *P. glauca* and *P. sitchensis* against the proteins from *P. abies* and *P. taeda* by BLASTX ([@evx070-B5]). For each transcript, the complete ORF found within one High Scoring Pair was retained in the training sets. TransDecoder then used the training sets to build a Markov model and to predict ORFs with default parameters. Pfam (27.0) domains in the predicted ORFs were identified by HMMER embedded in TransDecoder.

Retrieval and Integration of Transcriptome Data from Public Databases
---------------------------------------------------------------------

We retrieved transcriptome data from another 25 gymnosperms that were stored in PlantGDB ([@evx070-B25]), oneKP ([@evx070-B86]), and TreeGenes (<https://dendrome.ucdavis.edu/treegenes/>; last accessed April 25, 2017). These data are fragmented and redundant, as they have been generated by different technologies and experiments ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To obtain a nonredundant set of transcripts for each species, we used SeqClean to remove NCBI UniVec vectors and poly-As from the downloaded transcripts. MIRA4 assembled ESTs into longer transcripts unless PUTs were available ([@evx070-B12]). Next, we clustered transcripts in each species with 90% identity by feeding MIRA assemblies or PUTs, cDNAs, 454 assemblies, Transcriptome Shotgun Assemblies (TSAs), and oneKP assemblies to CD-HIT-EST ([@evx070-B45]), which produced a set of nonredundant representative sequences which were then further assembled by CAP3 into unigenes ([@evx070-B36]). TransDecoder (r20131117) was applied to predict ORFs in a self-training mode, which used the 500 longest ORFs to train a Markov model for coding sequences. For angiosperms, we downloaded protein-coding genes for 34 angiosperms, one moss, and two green algae from PLAZA 3.0 ([@evx070-B60]). Green algae (*Chlamydomonas reinhardtii* and *Ostreococcus lucimarinus*) and moss (*Physcomitrella patens*) were used as outgroups in this study.

Identification of Single-Copy Gene Families
-------------------------------------------

We started with building gene families in six conifers, that is *P. pinaster*, *P. sylvestris*, *P. taeda*, *P. abies*, *P. glauca*, and *P. sitchensis*, because they, compared with other gymnosperms, have abundant genomic or transcriptomic data of outstanding quality. For instance, genes from *P. taeda* and *P. abies* were predicted based on genomes ([@evx070-B57]; [@evx070-B55]; [@evx070-B99]) and transcript sequences in *P. glauca* and *P. sitchens* were supplemented with Sanger reads based on BACs ([@evx070-B61]; [@evx070-B65]), while, because of their economic importance, high-coverage transcript data were generated for *P. pinaster* and *P. sylvestris* (European ProCoGen project; see [www.procogen.eu](http://www.procogen.eu) (last accessed April 25, 2017) for more information). Applying OrthoMCL ([@evx070-B44]) to these datasets, we obtained 32,017 multi-gene gene families comprised of 147,782 of the 259,547 input proteins (56.9%). To narrow down the search space for single-copy genes, we selected 11,152 gene families that were conserved throughout, and had low-copy number, in the six conifers. Furthermore, these gene families needed to be present in at least four of the six conifers and could have maximum two copies in two species.

To assign proteins from other species to the 11,152 gene families, we first used HMMER (v3.1b1) ([@evx070-B26]) to build an HMM profile for each of the gene families based on a multiple sequence alignment created by ClustalW (v2.1) ([@evx070-B39]) using parameters for amino acids as recommended by ([@evx070-B33]). For every species, additional proteins were retrieved using a profile search against the HMM profiles with HMMSCAN. For each HMM profile, hits with *E* values \<1×10^−10^ were retained and their bit-scores were used to infer a cumulative probability distribution. The hits were assigned to a gene family accounting for 95% of the cumulative distribution ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}*A*, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) ([@evx070-B86]). Since the above-described approach might fail to assign genes with similar sequences to the assigned hit at the 95% border, we further assigned those genes to a gene family if their *E* values were similar enough (Δ*E* value \< 1×10^20^) to the hit with the smallest bit-score ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}*B*, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

After assigning additional genes to the initial gene families, we selected gene families according to species occurrence, that is gene families had to be present in \>20 (out of 31) gymnosperms and \>30 (out of 37) species in PLAZA 3.0 ([@evx070-B60]). Afterwards, we removed gene families for which the single-copy percentage was \<80%, which was defined as the fraction of species with exactly one copy in a gene family ([@evx070-B46]). In the end, if more than five genes in a gene family were assigned to other gene families, we removed the gene family from further analysis. When fewer than five genes were assigned to other gene families, we reassigned these genes to the proper gene families according to the lowest *E* value. Species occurrence and single-copy percentage were double checked for the modified gene families.

Gen Ontology Enrichment Analysis
--------------------------------

Gene Ontology Slim (GOSlim) enrichment analyses were carried out by BiNGO (3.03) with a threshold of 0.01 for *P* values, which were corrected for multiple testing by Benjamini and Hochberg False Discovery Rate ([@evx070-B50]). We used the *A. thaliana* annotation from TAIR (release 06/03/2016) and the *P. pinaster* annotation predicted by InterProScan (v5.15-54). GO terms for both species were mapped to GO slim plant by Map2Slim in OWLTools.

Selection of Phylogenetic Markers
---------------------------------

To remove paralogs and to increase sequence sampling for phylogenetic analysis, we used the following procedure to find reciprocal best hits to select phylogenetic markers. Because HMMSCAN uses proteins to find matching HMM profiles and HMMSEARCH uses HMM profiles to find matching proteins, we carried out both of them sequentially. A pair of protein and HMM profile was considered as each other's reciprocal best hit if they were the best match to each other. From the 1,469 single-copy genes in seed plants, we finally retained 106 such gene families that were present in 36 out of 37 species from PLAZA 3.0 and 30 out of 31 gymnosperms species for multiple sequence alignment. We used Muscle (v3.8.31) to align amino acid sequences ([@evx070-B27]) followed by trimal (v1.4) to remove low-quality alignment regions in a heuristic mode ("-automated1") and to back-translate the amino acid alignments into nucleotide sequence alignments ([@evx070-B8]).

Phylogenetic Analyses
---------------------

We employed different substitution models and partitioning strategies to reconstruct the phylogeny of seed plants. We built five sets of concatenated nucleotide sequence alignments: one with all codon positions (NT123); one with only the first two codon positions (NT12); and another three with each codon position separately (NT1, NT2, and NT3). For the NT123 alignment, we partitioned it as: 1) one partition; 2) two partitions with 1st and 2nd codon positions as the first part, and 3rd codon positions as the second one; 3) three partitions with each codon positions; 4) 52 partitions by PartitionFinder (v1.1.1) given different genes and codon positions ([@evx070-B38]). Similarly, the NT12 alignment was partitioned as: 1) one partition; 2) two partitions with 1st and 2nd codon positions; 3) 37 partitions by PartitionFinder given different genes and codon positions. RAxML (v8.2) was used to infer maximum likelihood (ML) trees based on the above-described concatenated alignments with different partitioning strategies under the GTR + GAMMA model ([@evx070-B76]). The best ML tree was searched from optimizing every 5th bootstrap tree in 200 rapid bootstraps.

For the corresponding amino acid alignment of NT123, we first used ProtTest3 to select the best-fit model according to the Akaike Information Criterion (AIC), the Bayesian Information Criterion (BIC) score and the corrected AIC (AICc) ([@evx070-B17]). The JTT + I+GAMMA + F model outperformed all the other models and was used in RAxML to search the ML tree with 200 rapid bootstrap analysis. For Bayesian reconstruction, we carried out PhyloBayes-MPI with the CAT and CAT-GTR model and a discrete gamma distribution with four rate categories. We ran two independent chains under each model and considered the chains to be converged when the "maxdiff" parameter was \<0.1 and the effective size \>300 ([@evx070-B40]). Due to limitations of computational resources, especially for the CAT + GTR model, the original amino acid alignment was trimmed by trimal with "-gt 0.9 --cons 10", followed by removing invariant sites and sequences from the two green algae.

In addition to the DNA and amino acid model, we selected the Goldman and Yang (GY) model ([@evx070-B31]) among several available codon models for the NT123 alignment, with codon frequency estimated by ML implemented in CodonPhyML (v1.0) ([@evx070-B30]). The ratios of nonsynonymous to synonymous substitutions were drawn from a discrete gamma distribution with four rate categories. The ML tree was estimated from a BioNJ tree optimized by Nearest Neighbor Interchange and Subtree Pruning and Regrafting. Branch support values were represented by the SH-like approximate likelihood-ratio test ([@evx070-B32]) instead of traditional bootstrap values.

Two recently developed coalescent methods, that is Species Tree estimation using Average Ranks of coalescence (STAR) ([@evx070-B48]) and Accurate Species Tree ALgorithm II (ASTRAL-II) ([@evx070-B52]), were used to infer the species phylogeny. For both coalescent analyses, we constructed a gene tree for each of the 106 phylogenetic markers by RAxML with the GTR + GAMMA model and 200 rapid bootstraps. To test the effects of 3rd codon positions, we built two sets of gene trees, one with (GT123) and the other without 3rd codon positions (GT12), for the coalescent analyses. Then the 106 gene trees were fed to STAR in an R package "phybase" (v1.4) and ASTRAL-II (v4.10.0) to infer the species phylogeny under the multi-species coalescent model. To obtain branch support, we used bootstrap values that were obtained by bootstrapping both gene loci and the sequence alignments with 100 replicates and reconstructed 100 coalescent species trees for both analyses.

Saturation of Substitutions and Approximate Unbiased Test
---------------------------------------------------------

We determined an entropy-based index of substitution saturation (*I*~ss~) for nucleotides using DAMBE5 for NT123, NT12, NT1, NT2, and NT3 alignments ([@evx070-B92]; [@evx070-B93]). Two hundred replicates were performed with gaps treated as unknown states. Approximate Unbiased (AU) tests ([@evx070-B75]) were carried out by CONSEL (v0.20) ([@evx070-B74]) on both the NT123 and NT12 alignments with partitions by each codon position and partitions from PartitionFinder. RAxML was carried out to calculate per site log-likelihood values based on the GTR + GAMMA model ([@evx070-B76]).

Measurement of Phylogenetic Incongruence
----------------------------------------

Internode Confidence (IC) and Internode Confidence All (ICA) were estimated by RAxML with the two sets of gene trees based on the 106 phylogenetic markers ([@evx070-B70]; [@evx070-B71]). The probabilistic and observed adjustment schemes were applied, because the gene trees contained both comprehensive and partial trees ([@evx070-B37]). An IC or ICA value close to 1 means absence of conflicting bipartitions for a given internode, while a value close to zero suggests that incongruent bipartitions equally exist, and a value close to −1 indicates the lack of support for a given internode ([@evx070-B71]). However, random gene trees always give (close-to) zero IC or ICA value due to the lack of phylogenetic information. To rule out possibility of the random effect, we simulated 1,000 random gene trees and compared the Robinson-Foulds distance between a species tree and the random gene trees, and the real gene trees, respectively. The gene trees of the 106 phylogenetic markers had significantly shorter Robinson-Foulds distances to the species tree than the random gene trees to the species tree (*P* value \< 2.2×10^−16^, Wilcoxon rank sum test), indicating that any conflicting bipartition that exists in the real gene trees is from actual phylogenetic signal.

Results
=======

Transcriptome Assembly and Data Integration
-------------------------------------------

After assembly and removing redundant transcripts (see "Materials and Methods" section), we reconstructed 206,574 unigenes in *P. pinaster* and 121,938 unigenes in *P. sylvestris*, with an average length of 893 bp and 1,242 bp, respectively. For *P. glauca* and *P. sitchensis*, we integrated available public transcriptome data (see "Materials and Methods" section), which yielded 39,229 unigenes for *P. glauca* and 28,030 unigenes for *P. sitchensis*. TransDecoder predicted 20,434 to 76,426 ORFs in the four species with 57.3--68.5% of the ORFs having at least one Pfam domain ([table 1](#evx070-T1){ref-type="table"}). For *P. abies* and *P. taeda*, we collected 54,381 proteins and 43,959 proteins from the two published conifer genomes, respectively ([@evx070-B57]; [@evx070-B55]). Transcriptomes of another 25 gymnosperms were retrieved from public databases followed by removing redundant transcripts and predicting ORFs ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Table 1.Transcriptome Assembly and Open Reading Frame (ORF) PredictionsSpecies\# Transcripts\# ORFs\# ORFs with Pfam Domains*Pinus pinaster*206,57476,42643,771 (57.3%)*Pinus sylvestris*121,93836,10622,355 (61.9%)*Picea glauca*39,22928,90919,708 (68.2%)*Picea sitchensis*28,03020,43413,989 (68.5%)

Identification of Single-Copy Genes in Gymnosperms and Angiosperms
------------------------------------------------------------------

Using OrthoMCL ([@evx070-B44]) and HMMER ([@evx070-B26]), we identified 3,072 single-copy genes in gymnosperms and 2,156 single-copy genes in angiosperms (see "Materials and Methods" section). Among these, 1,603 gene families were single-copy genes only found in gymnosperms, and 687 single-copy genes were specific to angiosperms. Additionally, 1,469 single-copy genes are shared between gymnosperms and angiosperms, so they are considered as the single-copy gene set representative for the seed plants.

Both missing data and whole genome duplications complicate the identification of single-copy genes. First, as single-copy genes are usually conserved genes present in all seed plants by definition, species with incomplete annotations hamper the identification of conserved gene families and thus single-copy genes. Second, recent whole genome duplications resulted in a burst of recent duplicates, which decreases the number of identified single-copy genes. To explore the effects of missing data and genome duplication on the delineation of single-copy gene families, we performed *k*-means bi-clustering on copy-number profiles of gymnosperms and angiosperms to cluster the species into two groups with similar profiles of copy numbers ([fig. 1](#evx070-F1){ref-type="fig"}). Compared with angiosperms, we found that, in gymnosperms, the major factor affecting the identification of single-copy genes was missing data, as 10 of the 31 gymnosperms showed serious incompleteness of gene space in the copy number profile ([fig. 1*A*](#evx070-F1){ref-type="fig"}). These ten species had fewer proteins than the rest of the gymnosperms (*P* value = 3.78×10^−5^, Wilcoxon rank sum test). In addition, for the 687 angiosperm specific single-copy genes, 586 of them were not conserved in gymnosperms according to our criterion (see "Materials and Methods" section), suggesting these conserved genes in angiosperms were either lost in some, if not all, gymnosperm lineages, or missed in their transcriptomes. Fig. 1.---*k*-means bi-clustering of copy number profiles for single-copy genes in gymnosperms (*A*) and angiosperms (*B*). Rows represent species and columns represent gene families. In the copy number profiles, red denotes absence of genes in a gene family; blue denotes one copy; yellow denotes two copies; and orange denotes more than two copies in a gene family. The bar plot next to the copy number profile illustrates the number of proteins in each species with an orange line representing the average number of proteins. The dark and light gray bars distinguish the clusters identified by the *k*-means clustering.

For the copy number profile of angiosperms, the *k*-means bi-clustering grouped species with recent whole genome duplications together, indicating that species that have undergone recent genome duplications still contain a large fraction of duplicated genes in the single-copy gene families ([fig. 1*B*](#evx070-F1){ref-type="fig"}). For example, all seven species in the upper part of the copy-number profile, that is *Malus domestica*, *Glycine max*, *Brassica rapa*, *Gossypium raimondii*, *Populus trichocarpa, Eucalyptus grandis* and *Physcomitrella patens*, have undergone lineage-specific whole genome duplications ([@evx070-B78]; [@evx070-B64]; [@evx070-B72]; [@evx070-B79]; [@evx070-B82][@evx070-B81]; [@evx070-B53]). On the contrary, the partial genome of *Lotus japonicus* and the small(er) proteome sizes of *Chlamydomonas reinhardtii* and *Ostreococcus lucimarinus* resulted in the absence of a large number of orthologous genes in these species.

Functional Enrichment of Single-Copy Genes
------------------------------------------

Single-copy genes are functionally biased toward certain conserved biological processes and organelle-related functions ([@evx070-B24]; [@evx070-B21]; [@evx070-B46]). Since *A. thaliana* has been the most comprehensively annotated plant genome so far, we used *A. thaliana* genes to describe functions of single-copy genes for the angiosperms. GOSlim enrichment analysis revealed that the 2,156 single-copy gene families in angiosperms were often involved in photosynthesis, DNA metabolic processes, and cell cycle. Also, they were strikingly overrepresented in the plastid. On the other hand, single-copy genes of angiosperms were underrepresented in functional categories such as transcription factor activity, response to stimulus, and signal transduction ([fig. 2](#evx070-F2){ref-type="fig"}). For the 3,072 single-copy gene families in gymnosperms, we used functionally annotated genes in *P. pinaster* to perform the GOSlim enrichment analysis, which, to some degree, suggested their similar functions as in angiosperms but with some exceptions, for example, lack of underrepresentation in response to stimulus, and extra overrepresentation in catabolic and lipid metabolic processes ([fig. 2](#evx070-F2){ref-type="fig"}). We argue that the difference in the enrichment analyses between angiosperms and gymnosperms is largely due to the incompleteness of GOSlim annotations in *P. pinaster*, which only had 32,716 of the 76,426 (42.8%) genes that were annotated by at least one GOSlim term, whereas in *A. thaliana*, the percentage increased to 21,106 of 27,205 (77.6%) genes. A gene set with severely incomplete GO annotations could introduce systematic bias in the enrichment analysis. At last, the 1,469 single-copy gene families in seed plants were overrepresented or underrepresented in nearly identical functional categories as the ones in angiosperms, when using *A. thaliana* genes as representatives ([fig. 2](#evx070-F2){ref-type="fig"}). The functions of single-copy genes in seed plants further confirm that these genes are involved in essential functions conserved across all seed plants and even throughout eukaryotes ([@evx070-B85]; [@evx070-B21]; [@evx070-B46]). Fig. 2.---Gene ontology slim (GOSlim) enrichment analysis for single-copy genes in angiosperms, gymnosperms, and seed plants. Dot size is representative for the statistical significance of overrepresented (green) and underrepresented (red) GOSlim terms. *P* values were corrected for multiple tests by Benjamini and Hochberg False Discovery Rate.

Reconstructing Seed Plant Phylogeny
-----------------------------------

We used both tree construction based on concatenated sequence alignments and multi-species coalescent approaches to reconstruct the phylogeny of seed plants based on 106 phylogenetic markers selected from the 1,469 single-copy genes in seed plants (see "Materials and Methods" section). As 3rd codon positions have been known to affect the placement of gnetophytes ([@evx070-B86]), we built two different concatenated nucleotide sequence alignments from the 106 genes, one with and one without 3rd codon positions, named "NT123" and "NT12", respectively. Species trees were then inferred from the two alignments under the GTR + GAMMA model with different partitioning strategies (see "Materials and Methods" section). All of the inferred phylogenetic trees support a monophyletic origin for both extant gymnosperms and angiosperms (100% bootstrap percentage, BP) ([@evx070-B20]; [@evx070-B42]; [@evx070-B91]; [@evx070-B86]). The angiosperm phylogeny is largely congruent with the APGIII tree ([@evx070-B34]) with *Amborella* as a sister group to the monocots and dicots ([figs. 3](#evx070-F3){ref-type="fig"} and [4](#evx070-F4){ref-type="fig"}). The incongruence with respect to the position of the Malpighiales (i.e., *P. trichocarpa*, *Ricinus communis*, and *Manihot esculenta*) between our phylogeny and the APGIII tree has long been recognized ([@evx070-B98]; [@evx070-B42]; [@evx070-B66]). A hypothetical introgressive hybridization in the ancestral lineages of Fabidae and Malvidae has been proposed to explain a different ancestry of nuclear and chloroplast genes in extant Malpighiales ([@evx070-B77]). Fig. 3.---Maximum likelihood tree inferred from a concatenated alignment of 106 single-copy genes in seed plants including 3rd codon positions, partitioned by PartitionFinder. Bootstrap values \<100% are shown on the specific branches. See [supplementary figures S2--S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for maximum likelihood trees inferred from partitions based on codon positions.Fig. 4.---Maximum likelihood tree inferred from a concatenated alignment of 1st and 2nd codon positions for 106 single-copy genes in seed plants partitioned by PartitionFinder. Bootstrap values \<100% are shown on the specific branches. See [supplementary figures S5 and S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online, for maximum likelihood trees inferred from partitions based on codon positions.

For gymnosperms, the species trees inferred from NT123 and NT12 were largely similar except for some of the relationships within Pinaceae and cycads, and particularly the position of gnetophytes ([figs. 3](#evx070-F3){ref-type="fig"} and [4](#evx070-F4){ref-type="fig"}, and [supplementary figs. S2--S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For Pinaceae, the only difference concerned the genus *Pinus*. The NT123 alignment clearly distinguished between the two subgenera of *Pinus*, that is subgenus *Strobus* (*Pinus lambertiana*) and subgenus *Pinus* (100% BP). The subgenus *Pinus* consists of the sections *Trifoliae* (i.e., *P. taeda*, *Pinus contorta*, and *Pinus banksiana*) and *Pinus* (i.e., *P. pinaster*, *P. sylvestris*, and *Pinus massoniana*) (100% BP) as also observed in previous studies ([@evx070-B29]; [@evx070-B59]). Trees inferred from the NT12 alignment had low bootstrap values for the genus *Pinus*, and incorrectly placed *Abies alba* ([fig. 4](#evx070-F4){ref-type="fig"}), which was grouped with *Cedrus libani* as a sister to the other Pinaceae by the NT123 alignment ([fig. 3](#evx070-F3){ref-type="fig"}), as expected based on morphological and molecular studies ([@evx070-B47]). Both alignments show *Larix* and *Pseudotsuga* to form a clade with *Pinus* and *Picea* as a sister clade.

For cupressophytes, all topologies suggest that *Podocarpaceae* diverged first, followed by *Sciadopityaceae*, and then *Taxaceae*---*Cephalotaxaceae* as a sister to *Cupressaceae*. For *Ginkgo*, our phylogenetic analyses suggest that it belongs to a sister group of cycads (100% BP), in accordance with recent phylogenomic analyses ([@evx070-B14]; [@evx070-B87]; [@evx070-B91]), but in contrast to previous studies that support cycads as the sister lineage to the other gymnosperms ([@evx070-B51]; [@evx070-B62]; [@evx070-B49]).

The Phylogenetic Position of Gnetophytes
----------------------------------------

Regarding the phylogenetic position of gnetophytes, NT123 and NT12 alignments gave contradictory results. In all species trees based on the NT123 alignment ([fig. 3](#evx070-F3){ref-type="fig"} and [supplementary figs. S2--S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), gnetophytes were placed as a sister clade to the other gymnosperms (100% BP) in support of the "Gnetales---other gymnosperms" hypothesis. Species trees based on the NT12 alignment, however, clustered gnetophytes with Pinaceae thus supporting the "Gnepine" hypothesis (⩾73% BP, [fig. 4](#evx070-F4){ref-type="fig"} and [supplementary figs. S5 and S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). To obtain extra statistic support for the two alternative topologies instead of bootstrap values, we performed AU tests by CONSEL ([@evx070-B75]). Based on per site log likelihoods for the two topologies, the NT123 alignment significantly rejected the "Gnepine" topology (*P* value = 2×10^−69^ for three partitions by each codon position and *P* value = 6×10^−36^ for 52 partitions from PartitionFinder); notwithstanding, the NT12 alignment also rejected the "Gnetales-other gymnosperms" topology (*P* value = 0.014 for two partitions by each codon position and *P* value = 0.028 for 37 partitions from PartitionFinder). We further inferred the species phylogenies based on the concatenated alignments of each codon position, named "NT1", "NT2", and "NT3", to explore their contributions to the phylogenetic position of gnetophytes, independently. Interestingly, the NT3 alignment gave the same topology as the one based on the NT123 alignment and supported "Gnetales---other gymnosperms" hypothesis with 100% BP ([supplementary fig. S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The NT1 and NT2 alignments both resulted in topologies similar to the ones obtained from the NT12 alignment by supporting the "Gnepine" hypothesis with 95% and 51% BP, respectively ([supplementary figs. S8 and S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Our observations confirm that the inclusion of 3rd codon positions in the concatenated alignment indeed influences the phylogenetic position of gnetophytes in seed plant phylogeny as shown in previous phylogenomic studies ([@evx070-B86]).

For nucleotide sequences of protein-coding genes, most sites from 3rd codon positions are synonymous sites due to codon degeneracy. It has been acknowledged that 3rd codon positions not only can contribute to phylogenetic signal ([@evx070-B73]; [@evx070-B66]), but can also add noise to phylogenetic analysis because they quickly become saturated ([@evx070-B56]). This might lead to problems when using stationary time reversible models, especially when dealing with deep phylogenetic relationships ([@evx070-B89]; [@evx070-B96]; [@evx070-B15]). Therefore, we further investigated base compositional heterogeneity and lineage specific changes of evolutionary rates on different codon positions in the five concatenated alignments of nucleotide sequences. The GC content of the 106 phylogenetic markers at different codon positions were dissimilar in different species, and in particular the 3rd codon positions were more variable compared with the 1st and the 2nd codon positions ([supplementary fig. S10](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Pairwise comparisons of GC content among different species in the NT123, NT1, NT2, and NT3 alignments indicated that the NT123 and NT3 alignments exhibited significant compositional heterogeneity among different species (P \< 0.001, Wilcoxon rank sum test with Bonferroni correction). The differences were most outspoken in two sets of groups, that is between the outgroup (two green algae and moss) and all seed plants, as well as between some angiosperms (especially Poaceae) and gymnosperms ([fig. 5](#evx070-F5){ref-type="fig"}). However, significant differences in GC content in the NT1 and NT2 alignments almost only exist between the outgroup and seed plants. The pattern observed above still holds true after removing aligned codons that encode the same amino acids in the NT123 alignment ([supplementary figs. S11 and S12](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting that 3rd codon positions substantially contribute to the compositional heterogeneity in the NT123 alignment, while the base compositions of 1st and 2nd codon positions are in general very similar. Fig. 5.---Comparison of GC content in the concatenated alignment (*A*) and at each codon position (*B*, *C*, and *D*) from 106 genes in 68 species. Dot size correlates with the number of species in each lineage (group) that have a significantly different GC% (Wilcox test, *P* \< 1 × 10^−3^) with the species compared with (colors of dots correspond to the compared lineages). Lines connecting any two species represent significant difference in GC content, with most significant in green and weakest in yellow (1 × 10^−3^). The full names for the species can be found in [supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

Disparate evolutionary rates of different sites among lineages, known as heterotachy, violate the assumption of one set of branch lengths for all sites in the homogeneous models ([@evx070-B89]; [@evx070-B96]). Using the ML phylogenies inferred from NT1, NT2, and NT3, we measured branch lengths from the most recent common ancestor for each of the five monophyletic groups (i.e., angiosperms, gnetophytes, cycads and *Ginkgo*, cupressophytes, and Pinaceae) to every species in each group. As expected, the branch lengths were shorter for the trees inferred from 1st and 2nd codon positions than for the tree based on 3rd codon positions ([fig. 6](#evx070-F6){ref-type="fig"}). An outspoken feature of the changes of branch lengths was their disproportional increase from 1st and 2nd codon positions to 3rd codon positions in the five lineages, from angiosperms as the fastest clade, followed by gnetophytes, cycads and *Ginkgo*, cupressophytes, to Pinaceae as the slowest. The drastic increase of branch lengths of the tree based on 3rd codon positions for angiosperms and gnetophytes, compared with the relatively stable alteration in Pinaceae, indicate distinctive various evolutionary rates among codon positions in the five clades, which is a characteristic signal of heterotachy. Fig. 6.---Lineage specific branch length estimates from each species to the most recent common ancestor of the five monophyletic groups (angiosperms, cupressophytes, cycads and *G*inkgo, Gnetophytes, and Pinaceae), in trees inferred from sites at 1st, 2nd, and 3rd codon positions. See text for details.

The elevated evolutionary rates of 3rd codon positions might suggest substitution saturation, so we used *I*~SS~ to characterize substitution saturation in the nucleotide alignments. If *I*~SS~ is close to 1 or greater than a critical *I*~SS~ (*I*~SS.C~), the alignment is considered to exhibit substantial saturation ([@evx070-B92]). Given its dependence on tree topologies, *I*~SS.C~ is estimated under an extremely symmetrical (*I*~SS.C.Sym~) as well as asymmetrical topology (*I*~SS.C.Asym~). For the first two codon positions, either combined (NT12) or separate (NT1 and NT2), the *I*~SS~ values were significantly smaller than both *I*~SS.C,Sym~ and *I*~SS.C,Asym~ (*P* value \< 1×10^−4^, two-tailed *t*-test, [table 2](#evx070-T2){ref-type="table"}), showing little evidence of substitution saturation on these sites. Nevertheless, for both alignments including 3rd codon positions (NT123 and NT3) *I*~SS~ were greater than *I*~SS.C,Asym~ (*P* value \< 1×10^−4^, two-tailed *t*-test, [table 2](#evx070-T2){ref-type="table"}), suggesting that sites from 3rd codon positions experienced substantially higher levels of substitution saturation than did sites from the 1st and 2nd codon positions. As values of *I*~SS~ for NT123 and NT3 were smaller than *I*~SS.C,Sym~, they may be only useful when the real topology is extremely symmetrical, but the real topology of the sampled species in this study is somewhere in between a symmetrical and an asymmetrical tree. Table 2.The Index of Substitution Saturation (*I~SS~*) on Concatenated Nucleotide Alignments and Alignments of Each Codon PositionDataset\# Sites*I*~SS~*I*~SS*.*C.Sym~*I*~SS.C.Asym~Alignment with 3rd codon positions (NT123)149,6790.6120.820[\*](#tblfn1){ref-type="table-fn"}0.605[\*](#tblfn1){ref-type="table-fn"}Alignment with 1st and 2nd codon positions (NT12)99,7860.5210.819[\*](#tblfn1){ref-type="table-fn"}0.603[\*](#tblfn1){ref-type="table-fn"}Alignment of 1st codon positions (NT1)49,8930.5510.818[\*](#tblfn1){ref-type="table-fn"}0.598[\*](#tblfn1){ref-type="table-fn"}Alignment of 2nd codon positions (NT2)49,8930.4940.818[\*](#tblfn1){ref-type="table-fn"}0.598[\*](#tblfn1){ref-type="table-fn"}Alignment of 3rd codon positions (NT3)49,8930.7960.818[\*](#tblfn1){ref-type="table-fn"}0.598[\*](#tblfn1){ref-type="table-fn"}[^1]

The above results clearly illustrate that sites from the 3rd codon positions have features typically found in fast evolving sites, which are distinguishable from sites of the first two codon positions. Since using 3rd codon positions solely can produce nearly identical phylogenies as those based on the NT123 alignment ([fig. 3](#evx070-F3){ref-type="fig"} and [supplementary fig. S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), it is plausible to assume that inclusion of the 3rd codon positions in the concatenated alignment of nucleotide sequences leads to systematic bias in the phylogenetic analysis of seed plants, which constantly placed gnetophytes as a sister group to the other gymnosperms.

We further tested whether codon and amino acid substitution models are robust to the potential bias introduced by the 3rd codon positions. Unlike DNA substitution models, codon substitution models can explicitly describe synonymous and nonsynonymous substitutions and realistically estimate natural selection acting on protein-coding sequences. By separating the two types of substitutions with different rates, they are supposed to reflect both recent and early divergences ([@evx070-B63]; [@evx070-B30]). Protein sequences, as the translated products of coding sequences, have been shown to be less affected by substitution saturation than nucleotide sequences ([@evx070-B86]), as they record nonsynonymous substitutions but ignore synonymous substitutions that may hamper phylogenetic inference due to substitution saturation ([@evx070-B73]). As mostly synonymous sites, sites at 3rd codon positions may negligibly influence the phylogenetic placement of gnetophytes under the codon and amino acid substitution models. Therefore, trees built under the codon and amino acid models were expected to be congruent with those inferred from NT12 alignments and the GTR + GAMMA model. Surprisingly, the codon model and amino acid model both gave nearly identical ML trees as the topologies inferred from the NT123 alignment under the GTR + GAMMA model, highly supporting the "Gnetales---other gymnosperms" hypothesis ([supplementary figs. S13 and S14](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). A similar topology has been suggested by [@evx070-B42] based on a concatenated amino acid matrix of nuclear genes, although all amino acid substitution matrices in [@evx070-B86] strongly support a closer relationship between gnetophytes and conifers.

Since the propensities of amino acids play an important role in the evolutionary rates across sites, an effect not modeled by the discrete GAMMA distribution in our ML analysis, we used the CAT and CAT + GTR model implemented in PhyloBayes-MPI to infer the phylogeny based on single-copy genes ([@evx070-B58]; [@evx070-B40], [@evx070-B41]). For computational reasons, the original amino acid alignment consisting of 49,893 sites was reduced to a shorter alignment with 7,562 sites (see "Material and Methods" section). The reduced alignment resulted in a similar ML topology as the original amino acid alignment under the JTT + I+GAMMA + F model ([supplementary fig. S15](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Interestingly, the CAT model supported the "Gnetales---other gymnosperms" hypothesis (posterior probability = 0.98, [supplementary fig. S16](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), while the CAT + GTR model supported the "Gnepine" hypothesis (posterior probability = 0.86, [supplementary fig. S17](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Because the CAT model uses flat exchange rates that are not actually realistic, the CAT + GTR model is more appropriate for real biological data and is virtually always the model with the highest fit in PhyloBayes ([@evx070-B40]). Amino acid compositions also exhibited compositional heterogeneity in a few species distributed across the phylogeny, as "ppred" in PhyloBayes-MPI pointed out. *Physcomitrella patens*, *Medicago truncatula*, *Musa acuminata*, *Oryza sativa*, *Pinus taeda*, *Pinus banksiana*, and *Gnetum Montanum* rejected compositional homogeneity under the CAT + GTR model (posterior predictive P \< 0.05). In summary, as the sites at 3rd codon positions were included in the "codon" alignment and GC content is correlated with specific amino acid residues ([@evx070-B66]), the above results suggest that the codon model (GY) and the amino acid model (JTT + I+GAMMA + F and CAT) may fail to accommodate the systematic bias introduced by the 3rd codon positions, except for the CAT + GTR model.

Phylogeny Based on Multi-Species Coalescent Model
-------------------------------------------------

Except for the analyses based on concatenated alignments, we also applied recently developed coalescent approaches implemented in STAR ([@evx070-B48]) and in ASTRAL-II ([@evx070-B52]), taking into account incomplete lineage sorting in gene trees. To further assess the effects of 3rd codon positions on the placement of gnetophytes, we built gene trees of the 106 different phylogenetic markers based on alignments with and without 3rd codon positions. The two sets of gene trees were named as "GT123" and "GT12", respectively. Coalescent analyses on GT123 from both STAR and ASTRAL-II were largely congruent with the ML phylogenies inferred from the NT123 alignment with both the DNA model, codon model, and amino acid model, hence in support of the "Gnetales-other gymnosperms" hypothesis (100% BP, [supplementary figs. S18 and S19](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Nevertheless, GT12 resulted in two different topologies with respect to gnetophytes. STAR fully supported the "Gnetales-other gymnosperms" hypothesis (100% BP, [supplementary fig. S20](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), but ASTRAL-II supported the "Gnetifer" hypothesis (60% BP), which placed gnetophytes as a sister group to all conifers ([supplementary fig. S21](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, the "Gnetifer" topology was accepted by neither the NT123 alignment (*P* value = 2×10^−11^ for three partitions by each codon position and *P* value = 3×10^−103^ for 52 partitions by PartitionFinder) nor the NT12 alignment (*P* value = 1×10^−47^ for two partitions by each codon position, and *P* value = 0.001 for 37 partitions by PartitionFinder).

The phylogenetic signal in the two sets of gene trees was further measured by IC and ICA, which account for existed topological bipartitions in gene trees to estimate incongruence of phylogenetic signal ([@evx070-B70]; [@evx070-B71]; [@evx070-B37]). We used IC and ICA to determine the incongruence in both GT123 and GT12 trees with respect to the three alternative topologies obtained from the phylogenomic analyses described above ([fig. 7](#evx070-F7){ref-type="fig"}). Interestingly, both sets of gene trees have no prevalent bipartitions to support either cupressophytes ([fig. 7*A* and *C*](#evx070-F7){ref-type="fig"}) or gnetophytes ([fig. 7*B*](#evx070-F7){ref-type="fig"}) as a sister group to Pinaceae, since the values of IC and ICA were extremely close to zero. However, there was a slight phylogenetic signal to group gnetophytes within or with conifers from the GT12 gene trees inferred without 3rd codon positions ([fig. 7*B* and *C*](#evx070-F7){ref-type="fig"}, respectively). In contrast to the incompatible phylogenetic signals for the position of gnetophytes, both sets of gene trees exhibited a strong phylogenetic signal for *Ginkgo* as a sister group to cycads independent of the position of gnetophytes ([fig. 7](#evx070-F7){ref-type="fig"}). Fig. 7.---Internode certainty (IC) and internode certainty all (ICA) estimated from gene trees of 106 phylogenetic markers for the deep divergence of seed plants. (*A*) The "Gnetales---other gymnosperms" hypothesis; (*B*) the "Gnepine" hypothesis; and (*C*) the "Gnetifer" hypothesis. Numbers above branches represent IC and ICA estimated from the gene trees based on alignments with 3rd codon positions; numbers below branches represent IC and ICA estimated from the gene trees based on alignments without 3rd codon positions.

Discussion
==========

Single-Copy Genes Resolve the Phylogeny of Seed Plants
------------------------------------------------------

Resolving the exact phylogeny of seed plants is fundamental to our understanding of the evolution, diversification, and colonization of major plant groups on Earth. Despite recent advances in sequencing technologies and great efforts to use diverse sets of molecular markers, the phylogenetic relationships among the five main seed plant lineages remain contested. Here, we have identified a set of 1,469 single-copy genes that are shared among 65 species comprising five seed plant lineages. This data set represents one of the most comprehensive comparative studies including gymnosperm species. With such a broad taxonomic sampling that includes all conifers (except Araucariaceae), cycads, *Ginkgo*, gnetophytes and angiosperms, our markers have the potential to unlock phylogenetic and evolutionary relationships in seed plants.

The phylogenetic markers developed here are effective markers for phylogenetic analyses in each lineage of seed plants. With different partitioning strategies and multi-species coalescent methods, the markers give clear phylogenetic relationships within angiosperms, Pinaceae, cupressophytes, cycads, and gnetophytes. The phylogenies, for instance, inferred from the NT123 alignment partitioned by PartitionFinder based on the GTR + GAMMA model ([fig. 3](#evx070-F3){ref-type="fig"}), based on the codon substitution model ([supplementary fig. S13](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), and based on the multi-species coalescent models with GT123 ([supplementary figs. S18 and S19](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), all provide excellent examples of the applications of the 106 phylogenetic markers in all lineages of seed plants. It is also interesting to note that 3rd codon positions of the phylogenetic markers have limited effects on such phylogenetic relationships within each clade. Although the position of *A. alba* in Pinaceae changes in a small fraction of the phylogenetic trees, this is probably due to the lack of species available in closely related genera to *Abies*, for example *Keteleeria*, *Pseudolarix*, *Nothotsuga*, and *Tsuga*.

Our phylogenetic markers have the further potential to resolve the deep divergence of seed plants. The only conflicting clade in this study remains the gnetophytes, which is notorious in almost all current phylogenomic analyses ([@evx070-B97][@evx070-B96]; [@evx070-B91]; [@evx070-B83]; [@evx070-B86]). Some of our topologies, including the ones inferred from the NT123 alignment with the substitution models of DNA, codons, and amino acids, as well as the coalescent based methods with exception of one ASTRAL-II analysis, all support the "Gnetales---other gymnosperms" hypothesis with high bootstrap values. The "Gnepine" topology is obtained by the amino acid alignment under the CAT + GTR model and the concatenated alignments of nucleotide sequences without 3rd codon positions (NT12, NT1, and NT2). The "Gnetifer" hypothesis is only supported---with low bootstrap values---by one ASTRAL-II analysis based on GT12 and is rejected by AU tests accounting for the NT123 and NT12 alignments.

Removing 3rd codon positions in nuclear genes can change the position of gnetophytes as shown in this study and in [@evx070-B86], and we found further evidence to argue that 3rd codon positions contribute to most of the compositional heterogeneity in the NT123 alignment and exhibit increase of evolutionary rates to different extents in different lineages of seed plants. Therefore, including 3rd codon positions in alignments of nuclear genes is most likely unfit for the GTR + GAMMA model and adds phylogenetic noise when dealing with the deep divergence of seed plants. Such noise may also pose problems for phylogenetic inference based on the amino acid and codon substitution models, which may explain the different observations reported by [@evx070-B42] and [@evx070-B86]. It is worth noting that although it is computationally intensive, the CAT + GTR model is still among one of the most robust amino acid models when it comes to dealing with various phylogenetic noise. Last but not least, gene trees of the 106 phylogenetic markers indicate an inconsistent mixture of disparate phylogenetic signals on the related internode with respect to the positions of gnetophytes ([fig. 7](#evx070-F7){ref-type="fig"}). The heterogeneous phylogenetic signals for the exact phylogenetic position of gnetophytes are consistent with the evolutionary history of gymnosperms, which endured several extinctions and recent radiations ([@evx070-B16]; [@evx070-B54]; [@evx070-B83]). The lack of ancient diverged lineages in gymnosperms as well as the lack of exhaustive samples from fossil lineages may mislead current systematic studies.

With respect to the "Gnetales---other gymnosperms" hypothesis, the "Gnepine" hypothesis has been widely accepted when considering other molecular evidence except for molecular sequences. For example, both gnetophytes and Pinaceae lost some homologous genes in the chloroplast, such as the *rps16* gene and two introns of *clpP* ([@evx070-B88]). Alternatively, the loss of nonhomologous inverted repeats in Pinaceae and cupressophytes is not against the "Gnepine" hypothesis ([@evx070-B89]). Among those lost genes, the most striking example is the loss of all 11 plastid *ndh* genes in gnetophytes and Pinaceae, which is usually interpreted as a major synapomorphy for gnetophytes and *Pinaceae* ([@evx070-B2]). Like other plastid protein complexes, the NDH complex requires subunits encoded in both the plastid and the nucleus, so related genes would get lost coordinately. However, the pattern of loss of nuclear-encoded *ndh* genes is different in gnetophytes and Pinaceae, particularly for the retained *ndhS* gene in *Pinaceae* ([@evx070-B67]). Also, the loss of all plastid *ndh* genes is less likely an immediate but a continuous process, as many pseudogenes of *ndh* still exist in the chloroplast genome in extant Pinaceae ([@evx070-B80]). Furthermore, convergent loss of *ndh* genes is not rare among seed plants. Several lineages in Orchidaceae and Geraniales also lost plastid and nuclear *ndh* genes, coordinately ([@evx070-B67]). Therefore, the loss of *ndh* genes could be interpreted as compatible with both the "Gnepine" or "Gnetales---other gymnosperms" hypothesis.

Our results also confirm that *Ginkgo* and cycads form a monophyletic group, which is strongly supported by all phylogenomic topologies estimated in this study. Compared to previous studies, in which the sister relationship of *Ginkgo* and cycads depended on the presence or absence of gnetophytes and tree-building approaches used ([@evx070-B87]), our phylogenetic placement of *Ginkgo* is exceptionally solid. The gene trees of the 106 phylogenetic markers also show a definite preference for the monophyly, which is consistent with morphological traits such as haustorial pollen tube and motile sperm ([@evx070-B42]; [@evx070-B83]).

Limits and Perspectives
-----------------------

We are well aware of the limitations of using draft genome assemblies and transcriptome data for the identification of single-copy genes. Single-copy gene families may suffer from the biased estimation of copy numbers due to gene predictions from draft assemblies ([@evx070-B22]) as well as artifacts of transcriptome assembly. Although transcriptome sequencing has considerably expanded our knowledge on the physiology and evolution of gymnosperms ([@evx070-B61]; [@evx070-B65]; [@evx070-B11]; [@evx070-B35]), they still often result in partial or redundant allelic transcripts, which may lead to erroneous copy number estimations because of the flawed construction of gene families. In fact, this is a more serious issue in gymnosperms than in angiosperms, because gymnosperms tend to have high heterozygosity ([@evx070-B83]), which could fail De Bruijn Graph-based assembly algorithms and leads to partial or redundant allelic transcripts ([@evx070-B68]).

Besides, the integration pipeline we used to remove redundancy can also bias copy number estimation through elimination of some recently duplicated genes. Because CD-HIT-EST collapsed transcript sequences with similarities higher than 90%, not only different isoforms and allelic transcripts were removed, but possibly also some duplicated genes with high sequence similarity. However, a stringent cut-off of similarity may fail to deal with high allelic variation in gymnosperm sequences ([@evx070-B83]) and data from different samples. To a certain degree, the functional analysis of single-copy genes in seed plants resulted in similar functional categories as the single-copy genes in angiosperms ([@evx070-B21]; [@evx070-B46]) and other eukaryotes ([@evx070-B85]), suggesting the loose cut-off used here had only negligible effects.

The optimal solution to the problems described above are of course well-assembled gymnosperm genomes, but recently released conifer genomes are still extremely fragmented ([@evx070-B1]; [@evx070-B57]; [@evx070-B55]; [@evx070-B99]; [@evx070-B84]). While the sequencing of some new gymnosperm genomes is in progress, the published ones are continuously being improved using more sophisticated assembly strategies or novel technologies, which yield longer reads and better genome assemblies ([@evx070-B84]). All these efforts would further improve our knowledge on seed plant phylogeny, diversification, and their evolutionary history.
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[^1]: *P* value \< 1×10^−4^, two-tailed *t*-test.
